Introduction
L ike all prospective parents, those who rely on donor sperm want to conceive healthy children. The donor selection process gives these parents the opportunity to minimize risk of recessive disease inheritance by avoiding donors who carry mutations that are genetically incompatible with the reproducing parent. Since recessive disease risk is highly specific to particular reproductive pairings, a high-risk donor for one recipient is likely to be a low-risk donor for most other recipients. As a result, avoidance of high-risk donors is a clinical strategy that is both optimal and necessarily personalized.
The opportunity to minimize a future child's risk of disease, and the value placed on it by the reproductive marketplace, is reflected in the marketing claims of commercial sperm banks, which emphasize the rigor of donor screening protocols. In addition to a three-generation family history analysis (a protocol whose primary utility is the surfacing of risk for dominant and X-linked conditions), all sperm banks perform some degree of carrier screening in their applicant selection process (Sims et al., 2010) . Donor applicants who test positive for a disease-associated mutation are typically disqualified.
The extent of DNA-based genetic screening, however, varies widely among sperm banks. At the federal level, sperm donation is treated as a category of tissue transplantation, and donor eligibility protocols are designed to minimize health risks to the recipient, not the recipient's future child (Centola, 2010) . Stepping in to fill this gap, the major societies representing health professionals in reproductive medicine (e.g., the American Society for Reproductive Medicine [ASRM] , the American College of Medical Genetics and Genomics [ACMG] , and the American College of Obstetricians and Gynecologists [ACOG] ) have recognized the importance of carrier screening in preconception and prenatal care (Edwards et al., 2015) . All recommend global donor screening to detect selected mutations in the CFTR gene, responsible for cystic fibrosis (CF), the most prevalent recessive disease among individuals with northern European ancestry. ACMG also recommends deletion screening of the SMN1 gene associated with spinal muscular atrophy (SMA), another disease prevalent in northern European populations, and most sperm banks comply (Sims et al., 2010; Landaburu et al., 2013) .
Before the emergence of next-generation sequencing (NGS) as a clinical tool, the expansiveness of carrier screening was limited by both a lack of gene-specific knowledge and the high cost of commercial testing, which ranged from several hundred to several thousand dollars per gene. Today, the cost of sequencing hundreds of genes on a commercial NGS panel is less than a thousand dollars, undermining the economic rationale for restricting any screening protocol to select groups of people or genes.
In response to these technological advances, a number of sperm banks have expanded their global screening protocol with panels offered by companies such as Good Start Genetics (GSG), which covers 23 recessive disease genes (e.g., Xytex Cryo International, CryoGam Colorado, NW Cryobank, and Manhattan Cryobank), or Counsyl (e.g., MidWest Sperm Bank), which covers *100 genes (Lazarin et al., 2013; Perreault-Micale et al., 2015) . The two largest sperm banks in the United States, California Cryobank and Fairfax Cryobank, still limit global donor screening by DNA analysis to just two genes (associated with CF and SMA), with expanded screening for donors who identify as members of a few select ethnic groups such as Ashkenazi Jewish, Irish, or French Canadian. However, this ethnicity-based paradigm is challenged by an increasingly multiethnic populace (Nazareth et al., 2015) and a growing body of evidence that many so-called ethnic diseases reach far beyond the boundaries of specific communities (Lazarin et al., 2013; Lim et al., 2015) . Sperm banks do not generally assume any responsibility for genetic education or genetic testing of clients receiving donor sperm (Isley and Callum, 2013) .
In this study, we report a comparative mutation analysis of 27 provisionally qualified sperm donors who had tested negative on an expanded CF-carrier screen. This purported CFnegative cohort was screened further with the GeneVu panel offered by GSG. We also performed proxy screens based on public records describing the targeted mutation panels commercialized by Counsyl and 23andMe. Finally, we performed a systematic NGS analysis of the complete coding regions of 479 well-characterized recessive pediatric disease genes. A comparative analysis of screening results demonstrated a rate of disease-causing variant detection that scaled with the level of variant coverage of each panel: the greater the number of genes tested and depth of the DNA analysis (i.e., number of targeted base pairs), the higher the number of carriers detected.
Our systematic analysis of both clinical and molecular data demonstrates that every member of the donor cohort carries at least one clinically characterized and/or clinically relevant pediatric disease-associated genetic variant.
Materials and Methods

Subjects and specimen collection
Till 2014, the participating donor sperm bank used the CFspecific CFplus genetic test from Integrated Genetics, Inc. as the carrier-screening component of its donor qualification process. The CFplus screen targets 94 disease-causing mutations and fulfills the ACOG recommendation for carrier screening. Donor applicants who tested positive were eliminated from further consideration.
In 2014, the participating sperm bank replaced the CFplus test with the GeneVu carrier-screening panel offered by GSG. During a transitionary period, 27 provisionally qualified donors who had tested negative on the CF-specific CFplus carrier screen were rescreened with the GeneVu panel. These 27 twice-screened individuals make up the cohort of subjects used for this study. The cohort is an ethnically diverse group of self-selected donor applicants ( Table 1 ). The participating sperm bank is representative of the larger donor bank community and does not recruit, include, or exclude applicants based on unusual metrics.
All subjects provided written consent for genetic testing. The participating sperm bank provided deidentified saliva samples and subject data, including self-identified ethnicity. Anonymity was reinforced with the assignment of an unrelated identification number to each subject. We did not seek IRB approval because this investigation did not involve human subjects as defined by the Common Rule (45 CFR 46.101).
Next-generation sequencing
Purified DNA from saliva samples was obtained and processed as previously described (Larson et al., 2015) . Sample enrichment and library preparation were achieved on the Illumina TruSight One (TSO) platform, which targets complete coding regions from 4813 genes having known clinical phenotypes (Illumina, 2016) . Enriched libraries were sequenced on the MiSeq system according to the manufacturer's instructions (Illumina) . Raw sequence files (FASTQ) were aligned to the GRCh37/hg19 human reference sequence with the Burrows-Wheeler Alignment tool (Li and Durbin, 2010) . Variant calling, quality control, and local realignment were performed with the Genome Analysis Toolkit (GATK) version 3.2 (Van der Auwera, 2013).
Variant analysis was confined to a panel of 479 wellcharacterized TSO-covered genes associated with severe recessive monogenic pediatric disease (Supplementary Table S1 ; Supplementary Data are available online at www.liebertpub .com/gtmb). The analysis panel includes genes curated by the Kingsmore group (Bell et al., 2011; Kingsmore, 2012) and additional recessive disease genes included on any of the commercial carrier screens examined in this study. Genes that did not generate consistent high-quality sequencing data for all canonical exons in all subjects were not included in our analytic panel. Analytic validation of all variant calls in all included genes was demonstrated with Phred quality scores of at least 30 (99.9% confidence) as determined with the GATK toolkit.
The comprehensive panel includes the 23 genes on the GSG GeneVu panel, the 98 genes on the Counsyl (CSY) standard Family Prep Screen (Lazarin et al., 2013) , and the 35 genes on the 23andMe (TAM) Personal Genome Service. Genes on the X chromosome were excluded from all analyses.
Commercial carrier screening
The participating sperm bank provided deidentified GSG GeneVu carrier test reports for the CF-prescreened provisional donors. The GeneVu test uses NGS to detect variant genotypes at a targeted set of clinically defined chromosomal positions as well as novel protein truncation mutations in 19 autosomal genes with a relatively high incidence of recessive disease in individuals of Ashkenazi Jewish descent (Perreault-Micale et al., 2015) . GeneVu also reports carrier status for three additional genetic diseases (alpha-and betathalassemia and SMA) tested with non-NGS methods. Six provisional donors were scored positive on the GeneVu test and were disqualified by the participating sperm bank.
Proxy carrier screening
We used the publicly reported targeted DNA variant content of the CSY Family Prep Screen 1.0 and the TAM Personal Genome Service to develop analytic tools that act as proxies for these genetic tests in conjunction with a subject's DNA sequence data. Variants included in each mutation panel (417 in the Family Prep Screen 1.0 and only 100 in the Personal Genome Service) were identified from the respective vendor's website (both accessed on November 10, 2015). Our proxies for these screens evaluate exactly the same diseasecausing variants that are targeted by the original screens.
Two additional commercial panels were chosen for inclusion in our study based on widespread use or availability in their respective markets. The CSY Family Prep Screen represents the most common physician-ordered carrier test and the TAM Personal Genome Service is the only FDAapproved direct-to-consumer carrier test. These two tests have some overlap, with 33 genes and 84 variants common to both panels. The CSY and TAM panels also cover 19 and 12, respectively, of the same genes as the GSG test.
Systematic variant analysis
Our systematic analysis began with the identification of all variants in the 479 autosomal genes included in our panel (Supplementary Table S1 ). For the purpose of this study, we pursued a conservative approach in identifying variants with a very strong likelihood of causing gene dysfunction and, by extrapolation, recessive disease symptoms in individuals with two dysfunctional alleles. A clear limitation of such a stringent variant identification process is that an unknown number of disease-associated variants will likely be missed. We use the term ''dysfunctional'' throughout this article to signify variants that are predicted to be disease causing in homozygotes and/or compound heterozygotes.
Variants were processed through a series of clinical and analytic filters. We began with the assumption that individual variants present in greater than 5% of cohort members are very unlikely to cause disease in homozygous individuals. Based on this assumption, variants present in more than two donors were excluded. Remaining variants were cross-referenced to genome positions in the NIH-sponsored ClinVar database. ClinVar records contain clinical assertions from the published biomedical literature and submissions from genetic testing laboratories (Landrum et al., 2014) . Each clinical assertion is assigned a ClinVar classification represented by an integer number, for example, 0: variant of uncertain significance, 2: benign, 3: likely benign, 4: likely pathogenic, and 5: pathogenic. Variants are also assigned a ClinGen star rating according to their review status. The ClinGen rating was not taken into consideration since only a minority of variants had been properly reviewed at this point in time (Rehm et al., 2015) .
An individual variant can be assigned multiple classifications if multiple reports provide conflicting clinical assertions. Donor variants that appear in the ClinVar catalogue (November 2, 2015 release) with any benign, likely benign, or uncertain clinical assertion were excluded. Those with an unconflicted pathogenic or likely pathogenic classification comprise our ''defined clinical variants'' (DCV) list.
We next used three well-established computational models (PolyPhen2, PROVEAN, and CADD) to distinguish variants subject to strong negative selection during evolution. Based on our stringent approach to dysfunctional variant identification, we excluded all missense mutations (other than start codon changes) with a protein damage likelihood below 0.99 according to the PolyPhen2 protein modeling tool (Adzhubei et al., 2010) . Missense mutations were further filtered by requiring a CADD score for deleteriousness above 99.9% of all potential genome variants (i.e., a Phred-scaled score of at least 30) (Kircher et al., 2014) and/or a PROVEAN score higher than 90% of all potential coding region variants (i.e., a score less than -4.1) (Choi et al., 2012) . Missense mutations retained at the end of the filtering process were included in a non-ClinVar ''high likelihood of gene dysfunction'' (HLGD) group.
The remaining non-ClinVar nonmissense variants were evaluated for a predicted molecular effect on RNA splicing or polypeptide translation. Variants were added to the HLGD group if they (1) cause premature protein termination through a nonsense substitution or an out-of-frame indel, (2) fail to initiate translation through a modification of the methionine start codon, or (3) are very likely to interrupt splicing through a single base substitution in the first or second intronic base abutting an exon.
Finally, we used a previously described analysis of NGS read depth over SMN1, SMN2, and control genes to determine SMA carrier status of each donor (Larson et al., 2015) . GSG reports of alpha-thalassemia carriers were confirmed through a comparison of NGS read depth at HBA1 and HBA2. All other variants evaluated by the GSG and proxy panels are included in our systematic sequence analysis.
Results
Commercial carrier screens are inconsistent in identifying donors with disease variants
Five independent carrier assessments were conducted for a selected set of sperm donor applicants (Materials and Methods section). In the first assessment, applicants were prescreened for CF-associated mutations and those who tested positive were excluded from further consideration by the participating donor bank. Twenty-seven applicants who tested negative were provisionally qualified as donors and were included as subjects in this study.
The second assessment was based on GeneVu test reports provided by GSG to the participating donor bank. These reports flagged six provisional donors as carriers ( Table 1 ). Two of these carriers were identified with NGS data: one is heterozygous for a major GBA variant associated with Gaucher disease and the second is heterozygous for a novel BLM variant predicted to be associated with Bloom syndrome. Based on non-NGS tests, two additional subjects were reported to be SMA carriers and two others were reported as alpha-thalassemia carriers. One of the latter carriers who self-identified as African American (Donor No. 15) was also reported to be a Tay-Sachs disease carrier based on borderline HexA enzyme levels, but he did not have any disease-associated mutations in the HEXA gene.
The third assessment was based on a proxy for the 23andMe Personal Genome Service test panel, which identified only a single donor, No. 21, as a carrier based on heterozygosity for the most prominent ACADM mutation associated with a metabolic condition known as MCAD deficiency.
The fourth carrier assessment was based on a proxy for the standard Counsyl Family Prep Screen 1.0. In addition to the MCAD deficiency carrier also identified by 23AndMe, the Counsyl proxy panel identified three other carriers. Only one, Donor No. 6, was also detected as a carrier by GSG based on heterozygosity for a Gaucher disease mutation in GBA. Another donor, No. 1, was identified with two mutations: a DHCR7 mutation associated with multiple congenital abnormalities, intellectual disability, and fetal or infant death (Sulem et al., 2015) , and an IDUA mutation associated with a severe progressive multisystem disorder leading to death before the age of 10. The final Counsyl identified carrier, Donor No. 24, is heterozygous for a PYGM mutation associated with McArdle disease, a glycogen storage disorder that can manifest as muscle pain and kidney disease.
Both proxy panels target mutations in the BLM gene associated with Bloom syndrome but they failed to detect the GSG-predicted Bloom syndrome carrier. Neither proxy panel included the genes responsible for SMA or alpha-thalassemia and, as a result, they failed to identify an additional four of the carriers reported by GSG (Table 1 and Fig. 1A) .
Systematic analysis demonstrates all donors are carriers
The fifth carrier assessment was based on a systematic analysis of 4330 NGS variants detected in our donor cohort. Within this set of variants, we identified 30 DCVs, an average of 1.1 per donor (Table 2 ). Twenty-five were not found on any of the carrier screening panels examined in this study (Fig. 1B and Table 2 ). We also confirmed the GSG-reported SMA carrier status of Donors Nos. 10 and 11 (carrier probabilities of 0.83 and 1.0, respectively). Our NGS data are also consistent with the alpha-thalassemia carrier status of donors as reported by GSG ( Supplementary Fig. S1 ). In total, 23 of the 27 donors carry at least one DCV.
In the second stage of our systematic analysis, we identified 66 HLGD variants (2.44 average per donor, Table 3 ) that have not been classified by ClinVar (as of November 2, 2015). Only one of these non-ClinVar variants (in the Bloom Table S1 ). Only 6% of these variants were detected by the screening panels examined in this study (Fig. 1B) .
Discussion
Carrier screening is a universal component of donor eligibility protocols performed by U.S. sperm banks. Surprising to most prospective clients, however, actual carrier screening practices are highly variable across donor banks (Sims et al., 2010) . Different banks screen their donor applicants using different commercial carrier tests, which have each been developed based on a different set of largely self-imposed scientific, social, and economic constraints. Some screens emphasize the depth of individual gene analysis over the scope of covered disease genes. Some companies choose to restrict their analysis to clinically characterized variants; others do not. Some screens focus their disease coverage on conditions prevalent in Ashkenazi Jewish and northern European populations, a historical artifact from the origins of human genetics research and testing. As in the case of 23andMe, the design of some mutation panels has been highly influenced by the testing company's choice of business model and corresponding regulatory pathway (Servick, 2015; Levenson, 2016) .
A donor bank's selection of screening provider, therefore, can drive very different outcomes in the determination of donor eligibility-and ultimately the exposure of recipient offspring to disease risk. Our analysis of a cohort of prospective donors demonstrates how large these differences can be. At the lower bound, as per the study's design, none of the screened donor applicants tested positive on the Integrated Genetics CFplus screen, although one did carry a CFassociated variant. In subsequent screenings, GSG reported six of these donors to be carriers of disease-causing variants based on its GeneVu panel, and proxies for tests sold by 23andMe and Counsyl identified one and four carriers, respectively. Because each panel is designed to examine different variants and distinct diseases, no single donor was uniformly identified as carrier positive by all screens. This striking inconsistency challenges the validity of carrier screening as a categorical diagnostic device.
The problem of inconsonance, however, may be less harmful than the low sensitivity of all of these screens in identifying carrier-positive subjects. We observed at least one highly dysfunctional recessive gene variant in each prospective donor, a finding that is consistent with expectations from large population NGS results (Cooper et al., 2013; Henn et al., 2015) . Two-thirds of these dysfunctional variants were not contained in the ClinVar database (as of November 10, 2015) . This is a consequence of both the population biases embedded in clinical research (Lim et al., 2015) , and the fact that so-called novel recessive disease mutations are usually transmitted silently from one generation of heterozygotes to the next without clinical detection until it is too late and a child is affected by disease. A variety of experimental approaches have led researchers to the same conclusion: every human being is a carrier of multiple disease-causing mutations, most of which are rare and not clinically defined (Bell et al., 2011; Xue et al., 2012; Simons et al., 2014; Tabor et al., 2014; Henn et al., 2015; Schrodi et al., 2015) . The tools of modern molecular biology enable both observation and characterization of these clinically unobserved variants, an advance that has particular utility in preconception risk assessment.
Perhaps a more fundamental flaw in the carrier screening paradigm is illustrated by our detection of the clinically characterized disease-contributing variants HBB:p.G70S and CFTR:p.R170H, which were not reported by any of the carrier screening panels (Cooper et al., 2013) . Each of these amino acid substitutions only partially reduces gene function, allowing homozygotes to remain asymptomatic (Rahbar et al., 1984; Paradisi et al., 2010; LaRusch et al., 2014) . Based on the industry's working definition of a carrier, the application of a carrier-positive label to individuals harboring these partial-function variants would be considered incorrect. And yet each of these variants unambiguously contributes to disease when combined with a more severely dysfunctional allele carried by a reproductive partner: compound heterozygosity of CFTR:p.R170H with CFTR:p.F508del causes atypical CF (Alibakhshi et al., 2008; Baker et al., 2011) ; compound heterozygosity of HBB:p.G70S with the sickle cell mutation or a loss-offunction HBB allele results in beta 0 -thalassemia intermedia (Yang et al., 1989; Paradisi et al., 2010; Vinciguerra et al., 2014) . Offspring of donor sperm recipients who carry these more damaging variants would be highly exposed to disease risk despite a donor's designation as carrier negative for mutations in the relevant genes.
The same ambiguity in carrier status applies to two donors who were, in fact, identified by GSG as carriers of an alphathalassemia allele (referred to as a+) that retains *50% functionality. As is the case with HBB:p.G70S and CFTR:p. R170H, homozygosity for an a+ allele does not cause disease; indeed, it is actually the norm in some Asian populations, although infrequent in northern Europeans (Yenchitsomanus et al., 1985; Harteveld and Higgs, 2010; Purohit et al., 2014) . Thus, a+ carrier designation and donor disqualification result in higher rates of unnecessary stigmatization and counseling for minority donors in the United States.
As these findings illustrate, the true complexity of human reproduction is not reflected by the standard of care. To reject donor applicants who are carrier positive for a subset of clinically characterized variants found primarily in individuals with northern European ancestry-and without any corresponding analysis of recipient DNA-is an outdated protocol that violates the current tenets of recessive disease genetics. These include the universality of positive carrier status for every human being; the pervasiveness of novel highly damaging mutations; the widespread occurrence of partially damaging variants that are disease-causing in particular genotypes but defy simple classification as pathogenic or benign; and wide population variance in disease risk and mutation frequency. The persistence of this anachronistic standard harms both donors and recipients. Donors who test positive are led to believe incorrectly that their status is atypical and risk of disease transmission is materially higher than the general population. In contrast, a negative result followed by inclusion in a 282 SILVER ET AL.
sperm bank program can elicit a false belief that a donor is ''mutation-free'' . Despite tremendous advances in variant identification, understanding, and analysis, the vast majority of diseasecausing mutation combinations remain undetected in the carrier screening process. Most important, the exposure of recipient offspring to recessive disease risk is not reduced sufficiently by this protocol (Lim et al., 2014) . To achieve the ultimate screening goal of protecting future children from highly heritable disease, industry screening standards must be modernized to reflect the biological reality that both donors and recipients carry a wide range of known and novel disease-causing variants that cause a spectrum of damage to the underlying gene. The inputs for this more clinically effective approach are now available and affordable. Systematic, high-resolution analysis of recessive disease risk associated with particular donor/recipient pairings has been developed, but industry practice must be modified to incorporate its use.
